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At the request of George Mulholland a comparison was made of
results using two cooling procedures for a dipole magnet. Although
the final application involves quadrupole magnets, a dipole was
selected for the test because it provides a better approximation to
the length of the magnet string involved. Figure 1 shows the portion
of valving used in cooling a magnet at MTF.
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Figure 1

During a standard cooldown V567, V568, and the JT valve are open;
other valves are closed. Then V431 is opened to begin the cooldown.
When the 1% out flow reaches LHe temperature, V546 is opened to
complete the cooling of the 2¢ passages of the magnet and V567 and
V568 are closed. When all 4 flows (1¢ in, 1¢ out, 2¢ in, 2¢ out)
are at LHe temperature V431 is closed and V432 is opened to cool the
transfer line between V432 and the magnet. Then V431 is re-opened
and V546 is closed. At this point only V431, V432, and the JT valve
are open; the JT is set to establish proper pressure, flow, and
temperature distributions. The total time for this cooldown proce-
dure is tvpically 4% hours.

The proposed low-beta cooldown procedure begins with only the
JT valve and V546 open. Then V431 is opened to begin the cooldown.
When all 4 flows (1¢ in, 1l¢ out, 2¢ 1in, 24 out)are at LHe temperature
V431 is closed and V432 is opened to cool the transfer line. Then
V432 is closed until it is barely cracked, V546 is closed, and V431
is opened to establish a normal flow path. At this point only V431,
V432, and the JT valve are open. The JT valve is left wide open and
V432 is used to control the flow through the magnet. The total time
for this cooldown procedure on magnet TB0381 (test stand 5) was
12% hours.

The extra step of cooling the 2¢ transfer line is needed at MTF
to avoid the disruption of cooling to other magnets being tested.
This step should not be needed for the low-beta cooldown; however,
it takes less than 10 minutes and does not significantly affect our

cooldown times.
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With the standard cooldown procedure, warm gas from the magnet
returns to suction without passing back through the magnet. With
the modified cooldown procedure, warm gas from the magnet 1¢ passes
back through the magnet 2¢ and heat exchanges with the magnet 1¢
heating the "1¢" liquid/gas. This results in the longer cooldown
time using the modified cooldown procedure. The mean indicated 1¢
in transfer line flow (from a venturi gauge in the transfer line)
was between 6 and 7 gram/sec helium for both cooldown procedures.
The cooldown parameters for the two procedures are summarized in
Table 1 below.

Table 1

Standard cooldown Low-beta cooldown
14 LHe input flow 6-7 g/sec 6-7 g/sec
1¢ LHe input pressure 10 psig 10 psig
l¢ LHe input temperature 4,65 K 4.65 K
LN2 shield input flow 300, SCFH 300 SCFH
Warm bore in place Yes Yes
LN2 in warm bore No Yes
Time for cooldown 43 hours 12% hours

It should be noted that the inside of the warm bore is normally
filled with LN2 during quench testing to more nearly duplicate
tunnel conditions (under which the magnet bore is at LHe temperature).
The warm bore consists of a double walled "tube" with superinsulation
and vacuum between the two walls. This permits measurement instru-
mentation to be inserted into the magnet bore with the bore at LHe
temperature. The outer wall of the warm bore is in thermal communica-
tion with the magnet bore tube. The inner wall of the warm bore is
either at approximately room temperature or at LN2 temperature
depending upon whether the warm bore is open or has LNZ in it. The
effect of the warm bore on quench performance is small. With 10(-4)
torr warm bore vacuum, quench currents with and without LN2Z in the
warm bore differ by less than 50 amp. With poor warm bore vacuum,
quench currents differ by as much as 300 amp. Normal warm bore
vacuum is better than 10(-5) torr. The warm bore has negligible
effect on cooldown times.

A comparison of quench performance was made using the MTF program
"Cycle" for the two types of cooling. Cycle ramps the magnet at a
ramp rate of about 200 amp/sec to a target flattop current, holds
the flattop current for 20 seconds, and then ramps the magnet back
down at the same rate. The minimum current between ramps is 400 amps.
A requirement for the test to be considered valid is that 8 ramps
be completed at the initial target current without a quench. After
the 8 ramps have been completed, the target current is incremented
by 50 amps. The program continues incrementing by 50 amps. every
second ramp until a quench occurs. For standard cooling, Cycle was
run under only one set of cooling conditions. For low-beta type
cooling, Cycle was run with three different LHe flow rates. The
results are summarized in Tables Za and 2b.
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The dependence of Cycle quench current on 1¢ flow, 19 out
sub-cooling, and the product of flow and sub-cooling is shown in
Figures 2a, 2b, and 2c. It should be noted that for a given cryo-
genic installation, flow and sub-cooling are coupled, in general.
These plots are made from Table 2b. Since input and output 1¢
temperatures are comparable for each of the three flow rates,
quench currents should require minimal correction for temperatures
and no corrections have been made in plotting the figures.

Aside from temperature, the dominant cooling parameter affect-
ing Cycle current is the 1¢ flow rate. This can be seen by compar-
ing Cycle results with low-beta type cooling with the Cycle result
with standard cooling. The flow rate with standard cooling was
23.1 g/sec. For this flow rate, Figure 2a predicts a Cycle current
of about 4213 amp.

For Fermilab superconductor cable, the dependence of quench
current on temperature is approximately given by:

For low-beta cooling, I = 4213, T = 4.75K. For standard cooling,
T = 4.66K. Then:

I = -2.3 (F98) (4213) = 184 amp.
So the predicted standard cooling quench current would be
4213 + 184 = 4397 amp.

The measured quench current was 4436 amp. which agrees well with
the prediction given the 50 amp. granularity of the Cycle test
with standard cooling and the 20 amp. granularity with low-beta
type cooling.

This result is consistent with the MTF view that provided sub-
cooling exceeds some threshold (canonically taken to be about 0.5
psi at MTF), quench results are, to first order, independent of
sub-cooling.
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Three sets of measurements were taken in an effort to see
the effect of ramp rate on cooling conditions for low-beta type
cooling. The first set of cooling conditions was recorded with
zero magnet current. The remaining two sets were recorded while
ramping to a nominal flattop current of 4000 amp. with a 20 second
flattop, a nominal 400 amp. minimum current, and two seconds between
ramps. For each set of conditions, we waited until an equilibrium
cooling appeared to be reached. The results are shown in Table 3.

The ramping heat load can be predicted from MTF AC Loss data.
Figure 3 shows AC Loss per ramp cycle as a function of flattop
current and ramp rate. The data in the figure are raw: no correc-
tions have been applied. Figure 3a shows that loss is approximately
linear with flattop current. Figure 3b shows that loss is approx-
imately independent of ramp rate. From Figure 3a, loss/ramp cycle
is about 520 joules for a flattop current of 4000 amp. The loss
for a ramp from 400 amp. to 4000 amp. should be 0.9 (520) joules
= 468 joules. For a 200 amp/sec ramp rate, a 20 second flattop,
and 2 seconds between ramps, a ramp cycle should take 58 seconds.
Then the AC Loss heat load should be 468/58 = 8.1 watts. For a
100 amp/sec ramp rate, the corresponding number is 5.0 watts.
Figure 4 shows the predicted AC Loss heat load as a function of
ramp rate for ramps of the type used in the measurements. It is
believed that MTF AC Loss data may be systematically high by as
much as 15%.

The data in Table 3 are inconsistent with this picture if one
assumes 100% liquid in the 14 and 2¢; the 1# heat load would be
too high and the 24 heat load too low. I conclude that the 2¢
was not filled with 100% liquid and that the 1¢ probably was not
either. I have requested that the measurement be repeated. If
it were repeated the following changes should be made:

1) The measurement should be done on test stand 1. I believe that
this stand has substantially better cooling properties than other
stands.

2) The flattop time should be reduced to near zero to maximize
the effect of the AC Loss heat load.

3} The time between ramps should be reduced to near zero for the
same reason.

4) Cooling of other stands should be suspended to maximize the
liquid content of 1¢ delivered to test stand 1.

5) Each VPT and pressure gauge should be calibrated immediately
before the measurement. If possible, higher quality gauges
should be installed.

6) The measurements should be made over a greater range of ramp
rates.

W. E. Cooper
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AC Loss heat load as a functi

Figure 4. on of ramp! rate
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